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A Brief History of Dark Matter

1980 - Most astronomers are convinced that dark matter exists 
around galaxies and clusters

1992 - COBE discovers CMB fluctuations as predicted by 
CDM; CHDM and LCDM are favored CDM variants

1930s - Discovery that cluster σV ~ 1000 km/s 
1970s - Discovery of flat galaxy rotation curves

1984 - Cold Dark Matter theory proposed

1998 - SN Ia and other evidence of Dark Energy

2003 - WMAP and LSS data confirm ΛCDM predictions
~2010 - Discovery of dark matter particles??

2000 - ΛCDM is the Standard Cosmological Model

1980-84 - short life of Hot Dark Matter theory



1980 - Most astronomers are convinced that dark matter exists 
around galaxies and clusters

Early History of Dark Matter

1 Virginia Trimble, in D. Cline, ed., Sources of Dark Matter in the Universe (World Scientific, 1994).
2 S. M. Faber and J. S. Gallagher 1979, ARAA 17, 135

1922 - Kapteyn: “dark matter” in Milky Way disk1 

1933 - Zwicky: “dunkle (kalte) materie” in Coma cluster
1937 - Smith: “great mass of internebular material” in Virgo cluster
1937 - Holmberg: galaxy mass 5x1011 Msun from handful of pairs1 
1939 - Babcock observes rising rotation curve for M311

1940s - large cluster σV confirmed by many observers

1957 - van de Hulst: high HI rotation curve for M31
1959 - Kahn & Woltjer: MWy-M31 infall ⇒ MLocalGroup = 1.8x1012 Msun 
1970 - Rubin & Ford: M31 flat optical rotation curve
1973 - Ostriker & Peebles: halos stabilize galactic disks
1974 - Einasto, Kaasik, & Saar; Ostriker, Peebles, Yahil: summarize evidence that 
galaxy M/L increases with radius
1975, 78 - Roberts; Bosma: extended flat HI rotation curves 
1979 - Faber & Gallagher: convincing evidence for dark matter2



1937 ApJ 86, 217

This article also proposed measuring the masses of galaxies 
by gravitational lensing.

Fritz Zwicky



1959 ApJ 130, 705



1970 ApJ 159, 379

Triangles are HI data from 
Roberts & Whitehurst 1975

See Rubin’s “Reference Frame” in Dec 2006 Physics Today and her 
article, “A Brief History of Dark Matter,” in The 
dark universe: matter, energy and gravity, Proc. STScI 
Symposium 2001, ed. Mario Livio.
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Nature 250, 309 - 310 (26 July 1974)

Dynamic evidence on massive coronas of galaxies

JAAN EINASTO, ANTS KAASIK & ENN SAAR

A LONGSTANDING unresolved problem in galactic astronomy is 
the mass discrepancy observed in clusters of galaxies. The virial 
mass of the cluster per galaxy and the mass−luminosity ratio are 
considerably larger than the corresponding quantities for individual 
galaxies. This discrepancy cannot be a result of expansion or be 
because of the recent origin of clusters: these ideas contradict our 
present knowledge of the physical evolution and ages of galaxies1. 
Therefore it is necessary to adopt an alternative hypothesis: that 
the clusters of galaxies are stabilised by hidden matter.

Both papers: Ωm ≈ 0.2
JAAN EINASTO               ENN SAAR

1974 ApJ 194, L1
 JERRY OSTRIKER

 AMOS YAHIL



1978 ApJ 219, 413





1980 - Most astronomers are convinced that dark matter exists around 
galaxies and clusters - but is it Hot or Cold?
It was known that BBN ⇒ Ωb≈0.03.  Theorists usually

1973 - Marx & Szalay, Cowsik & McClelland: mν<100 h2 eV
1980 - Zel’dovich group develops Hot Dark Matter theory1

1983 - White, Frenk, Davis: 1st simulation rules out HDM 

The Hot-Warm-Cold DM terminology was first used by Dick Bond and 
me in our talks at the 1983 Moriond Conference.

1 E.g., Doroshkevich, Khlopov, Sunyaev, Szalay, & Zel’dovich 1981, NYASA 375, 32; Zel’dovich, Einasto, Shandarin 1982, 
Nature 300, 407; Bond & Szalay 1982, ApJ 274, 443.

assumed Ωm=1, but observers typically found Ωm≈0.2.

In ~1980, when purely baryonic adiabatic fluctuations were ruled out by the improving upper 
limits on CMB anisotropies, theorists led by Zel’dovich turned to what we now call the HDM 
scenario, with light neutrinos making up most of the dark matter.  However, in this scheme the 
fluctuations on small scales are damped by relativistic motion (“free streaming”) of the neutrinos 
until T<mν, 
which occurs when the mass entering the horizon is about 1015 Msun, the supercluster mass scale.  
Thus superclusters would form first, and galaxies later form by fragmentation.  This predicted a 
galaxy distribution much more inhomogeneous than observed.



Some steps toward understanding galaxies
Many people thought the early universe was complex (e.g. 
mixmaster universe Misner, explosions Ostriker, …).  

But Zel’dovich assumed that it is fundamentally simple, with just 
a scale-free spectrum of adiabatic fluctuations of 
 (a) baryons
and when that failed [(ΔT/T)CMB < 10-4] and Moscow physicists 
thought they had discovered neutrino mass
 (b) hot dark matter.

Blumenthal and I  thought simplicity a good approach, but we 
tried other simple candidates for the dark matter, first
 (c) warm dark matter, and then, with Faber and Rees, 
 (d) cold dark matter, which moved sluggishly in the early 
universe.  



Weakly Interacting Particles as Dark Matter

 However, the idea of
 weakly interacting massive
 particles as dark matter
 is now standard

 More than 30 years ago,
 beginnings of the idea of
 weakly interacting particles
 (neutrinos) as dark matter

 Massive neutrinos are no
 longer a good candidate
 (hot dark matter)



1982 Nature 
300, 407

Zel’dovich

Shandarin



1983 ApJ 274, L1



1967 - Lynden-Bell: violent relaxation (also Shu 1978)
1976 - Binney, Rees & Ostriker, Silk: Cooling curves
1977 - White & Rees: galaxy formation in massive halos
1980 - Fall & Efstathiou: galactic disk formation in massive halos
1982 - Guth & Pi; Hawking; Starobinski: Cosmic Inflation P(k) = k1

1982 - Pagels & Primack: lightest SUSY particle stable by R-parity: gravitino
1982 - Blumenthal, Pagels, & Primack; Bond, Szalay, & Turner: WDM
1982 - Peebles: CDM P(k) - simplified treatment (no light neutrinos)
1983 - Goldberg: photino as SUSY CDM particle
1983 - Preskill, Wise, & Wilczek; Abbott & Sikivie; Dine & Fischler: Axion CDM 
1983 - Blumenthal & Primack; Bond & Szalay: CDM P(k)
1984 - Blumenthal, Faber, Primack, & Rees: CDM compared to CfA data
1984 - Peebles; Turner, Steigman, Krauss: effects of Λ

HDM     Observed Galaxy Distribution     CDM White 1986

1984 - Ellis, Hagelin, Nanopoulos, Olive, & Srednicki: neutralino CDM 
1985 - Davis, Efstathiou, Frenk, & White: 1st CDM, ΛCDM simulations

Early History of Cold Dark Matter

Ruled Out Looks OK





1982 PRL 48, 224



1982 Nature 299, 37



1982 ApJ 263, L1



1983 ApJ 274, 443



1967 - Lynden-Bell: violent relaxation (also Shu 1978)
1976 - Binney, Rees & Ostriker, Silk: Cooling curves
1977 - White & Rees: galaxy formation in massive halos
1980 - Fall & Efstathiou: galactic disk formation in massive halos
1982 - Guth & Pi; Hawking; Starobinski: Cosmic Inflation P(k) = k1

1982 - Pagels & Primack: lightest SUSY particle stable by R-parity: gravitino
1982 - Blumenthal, Pagels, & Primack; Bond, Szalay, & Turner: WDM
1982 - Peebles: CDM P(k) - simplified treatment (no light neutrinos)
1983 - Goldberg: photino as SUSY CDM particle
1983 - Preskill, Wise, & Wilczek; Abbott & Sikivie; Dine & Fischler: Axion CDM 
1983 - Blumenthal & Primack; Bond & Szalay: CDM P(k)
1984 - Blumenthal, Faber, Primack, & Rees: CDM cp. to CfA data
1984 - Peebles; Turner, Steigman, Krauss: effects of Λ

HDM     Observed Galaxy Distribution     CDM White 1986

1984 - Ellis, Hagelin, Nanopoulos, Olive, & Srednicki: neutralino CDM 1985 - Davis, 
Efstathiou, Frenk, & White: 1st CDM, ΛCDM simulations

Early History of Cold Dark Matter

Ruled Out Looks OK
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CDM
Spherical
Collapse

Model

Primack & Blumenthal 1983
based on CDM, cooling theory of 
Rees & Ostriker 1977, Silk 1977, 
Binney 1977 and baryonic 
dissipation within dark halos 
White & Rees 1978

Cooling 
curves



CDM Structure Formation: Linear Theory

Primack & Blumenthal 1983

outside horizon
inside horizon

Blumenthal, Faber, 
Primack, & Rees 1984

Matter fluctuations that enter the horizon during 
the radiation dominated era, with masses less than 
about 1015     , grow only ∝ log a, because they are 
not in the gravitationally dominant component.  
But matter fluctuations that enter the horizon in the 
matter-dominated era grow ∝ a.  This explains the 
characteristic shape of the CDM fluctuation 
spectrum, with 
δ(k) ∝ k-n/2-2 log k  

Cluster and smaller-scale 
ν fluctuations damp 
because of “free-streaming”





...

...



1984 PRL 52, 2090



1985 ApJ 292, 371



Some Later Highlights of CDM 
1983 - Milgrom: modified Newtonian dynamics (MOND) as alternative to dark 
matter to explain flat galactic rotation curves

1986 - Blumenthal, Faber, Flores, & Primack: baryonic halo contraction

 1986 - Large scale galaxy flows of ~600 km/s favor no bias

1989 - Holtzman: CMB and LSS predictions for 96 CDM variants
 1992 - COBE: CMB fluctuations confirm CDM prediction ∆T/T ≈ 10-5, favored 
variants are CHDM and ΛCDM
1996 - Seljak & Zaldarriaga: CMBfast code for P(k), CMB fluctuations
 1997 - Nararro, Frenk, & White: universal radial structure of DM halos
 1997 - Hipparchos distance scale, SN Ia dark energy ⇒ t0≈14 Gyr 
 2001 - Bullock et al.: concentration-mass-z relation for DM halos; universal angular 
momentum structure of DM halos
 2002 - Wechsler et al.: halo concentration from mass assembly history
 2003 - WMAP and Large Scale Structure surveys confirm ΛCDM predictions with 
high precision



WHAT IS THE DARK MATTER?
Lensing limits on MACHOs are getting stronger - 
skewness of high-z vs. low-z Type Ia SN disfavors 
10-2<MMACHO/MSUN<108 (Metcalf & Silk).
Prospects for DIRECT and INDIRECT detection of 
WIMPs are improving -- but what kind of WIMP?  
SUSY LSP, NLSP->LSP, KK?  Or is the DM AXIONs?

WHAT IS THE DARK ENERGY??
We can use existing instruments to measure w = P/ρ 
and see whether it changed in the past.  But better 
telescopes (e.g. LSST, SNAP) will probably be 
required both on the ground and in space, according 
to the Dark Energy Task Force (Albrecht+).  See the 
NAS Beyond Einstein report Sept 2007.



SUMMARY
• We now know the cosmic recipe. Most of the universe is invisible stuff 
called “nonbaryonic dark matter” (25%) and “dark energy” (70%).  
Everything that we can see makes up only about 1/2% of the cosmic 
density, and invisible atoms about 4%. The earth and its inhabitants are 
made of the rarest stuff of all: heavy elements (0.01%).
• The ΛCDM Cold Dark Matter Double Dark theory based on this appears 
to be able to account for all the large scale features of the observable 
universe, including the details of the heat radiation of the Big Bang and 
the large scale distribution of galaxies. 
• Constantly improving data are repeatedly testing this theory. The main 
ingredients have been checked several different ways.  There exist no 
convincing disagreements, as far as I can see.  Possible problems on 
subgalactic scales may be due to the poorly understood physics of gas, 
stars, and massive black holes. 

• But we still don’t know what the dark matter and dark energy are, nor 
really understand how galaxies form and evolve.  There’s lots more 
work for us to do, much of which will be discussed in this course.
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